Dissolved substances released during decomposition of the white water lily (Nymphaea odorata) can alter the growth rate of Okefenokee Swamp bacterioplankton. In microcosm experiments dissolved compounds released from senescent Nymphaea leaves caused a transient reduction in the abundance and activity of water column bacterioplankton, followed by a period of intense bacterial growth. Rates of [3H]thymidine incorporation and turnover of dissolved D-glucose were depressed by over 85%, 3 h after the addition of Nymphaea leachates to microcosms containing Okefenokee Swamp water. Bacterial activity subsequently recovered; after 20 h
Dissolved substances released during decomposition of the white water lily (Nymphaea odorata) can alter the growth rate of Okefenokee Swamp bacterioplankton. In microcosm experiments dissolved compounds released from senescent Nymphaea leaves caused a transient reduction in the abundance and activity of water column bacterioplankton, followed by a period of intense bacterial growth. Rates of [3H]thymidine incorporation and turnover of dissolved D-glucose were depressed by over 85%, 3 h after the addition of Nymphaea leachates to microcosms containing Okefenokee Swamp water. Bacterial activity subsequently recovered; after 20 h
[3H]thymidine incorporation in leachate-treated microcosms was 10-fold greater than that in control microcosms. The recovery of activity was due to a shift in the composition of the bacterial population toward resistance to the inhibitory compounds present in Nymphaea leachates. Inhibitory compounds released during the decomposition of aquatic macrophytes thus act as selective agents which alter the community structure of the bacterial population with respect to leachate resistance. Soluble compounds derived from macrophyte decomposition influence the rate of bacterial secondary production and the availability of microbial biomass to microconsumers.
In the Okefenokee Swamp as well as other detritus-based wetland ecosystems, little of the vascular plant biomass is grazed while living; rather, most of it digs and is utilized in dissolved and particulate form by free-living and attached microorganisms. The substantial microbial biomass and high rates of production by free-living bacterioplankton in the Okefenokee Swamp (18, 19) suggest that the utilization of this dissolved organic carbon (DOC) by free-living bacteria is an important carbon flow, making this portion of the primary production available to the animal food web as bacterial biomass.
The rate of bacterial secondary production and thus the supply of bacterial biomass to bacteriovores is regulated at least in part by the quality and availability of DOC. DOC in freshwater wetlands is composed of a suite of compounds which range from labile substrates which are efficiently incorporated into bacterial biomass to refractory substances which are very poor substrates for bacterial growth. Moreover, the DOC may also contain bacteriostatic or bacteriocidal compounds which may inhibit the growth of natural bacterial populations. DOC released from algae and aquatic macrophytes, for instance, is known to inhibit the growth of laboratory cultures of certain species of bacteria (5, 13) . Thus the net effect of DOC on the growth of bacterioplankton in a given aquatic system is dependent on the relative concentrations of labile, refractory, and inhibitory substances in the DOC, and the relative concentrations of these substances depends in part on the source(s) of the DOC.
The Okefenokee Swamp supports levels of microbial biomass in the water column and surface sediments similar to those in other organically rich aquatic ecosystems (18) . Water appears to be coupled to annual changes in temperature and the input of DOC from primary production (19). We initiated a series of microcosm experiments, using the white water lily (Nymphaea odorata), to investigate more directly the relationship between the quality of dissolved material derived from an aquatic macrophyte and water column bacterial secondary production. Nymphaea is a dominant plant in the aquatic macrophyte prairies of the Okefenokee Swamp and decomposes rapidly upon senescence (15; G. T Bacterial abundance. Bacterial abundance was determined by epifluorescence microscopy of acridine orange-stained cells (14) . Water samples were preserved with 2% formaldehyde and refrigerated until counted. Bacteria were filtered onto a 0.2-,um-pore size filter (Nuclepore Corp.) which had been previously stained with irgalan black (CIBA-GEIGY Corp.) and stained with 0.01% acridine orange. At least 10 randomly selected fields with >50 cells per field were counted on each filter, using an Olympus BHS microscope.
Leachate molecular weight fractionation. Two grams of dried leaves was placed in 500 ml of filter-sterilized swamp water and leached for 5 h at 4°C. The leachate was then filter sterilized, lyophilized, and suspended in distilled water. Low-molecular-weight-enriched (<500) and high-molecularweight-enriched (>500) fractions of leachate were separated by using Diaflo ultrafiltration membranes (UM-05; Amicon Co.) fitted into a continuously stirred ultrafiltration cell. For microcosm experiments, leachate fractions were added to 500 ml of 110-pum screened swamp water at a concentration equivalent to the amount of soluble material which would have been released if 1 g of dried leaf material was placed in 1 liter of swamp water for 5 h. Incubations were placed in the dark and sampled every 6 h for a total of 48 h.
Nutrient agar petri plates. Okefenokee Swamp water (0.5 ml) was spread over the surface of nutrient agar (Difco Laboratories) petri plates (pH approximately 6.8), and the plates were incubated for 24 to 48 h at 20°C. After incubation the mixed bacterial flora was transferred to a culture tube containing several milliliters of sterile swamp water and the tube was vigorously mixed. The mixed bacterial suspension (0.1 ml) was then uniformly spread over another agar plate, sections of dried Nymphaea leaves were placed on the surface of the agar, and the plate was incubated at 20°C for 24 to 48 h to check for the release of inhibitory compounds.
RESULTS AND DISCUSSION
Inhibition of bacterial activity. In short-term experiments dissolved material released from N. odorata leaves had a net inhibitory effect on rates of bacterial activity. We noted in a series of preliminary experiments that glucose turnover time increased several hundredfold and that the rate of
[3H]thymidine incorporation into cold TCA-insoluble material (primarily DNA) decreased to approximately 15% of control rates 3 h after the addition of 1 g of dried Nymphaea leaves to 1 liter of Okefenokee Swamp water (Table 1) .
These initial results suggested that substances released from Nymphaea leaves substantially altered rates of microbial activity. An alternate explanation was that unlabeled APPL. ENVIRON. MICROBIOL.
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Previous characterization of the kinetics of glucose utilization by Okefenokee bacterioplankton has shown that even when the concentration of glucose in Okefenokee Swamp water is experimentally increased by nearly 106-fold (from a few nanomolar to approximately 1 mM) glucose turnover time typically increased by only 25-to 50-fold (18) . Even if we were to assume that dried Nymphaea leaves were composed of 50% glucose and 1 g of dried leaf material was completely dissolved in 1 liter of swamp water, then the final concentration of glucose would be 2.5 mM; this would result in an increase in glucose turnover time on the order of 50-fold or less. It is thus highly unlikely that isotope dilution is significantly responsible for the much larger (several hundredfold) increase in glucose turnover time noted in Table 1 .
Likewise, the decrease in the rate of thymidine incorporation which we observed in microcosms containing Nymphaea leaf fragments (Table 1) does not appear to be due to isotope dilution. We assayed the potential influence of isotope dilution on thymidine incorporation by determining the concentration of radiolabeled thymidine required to maximally label cold TCA-insoluble material and thus overcome isotope dilution. This approach has been widely used in studies of bacterial secondary production to estimate the concentration of radiolabeled thymidine required to saturate extracellular and intracellular thymidine pools (2, 10, 21 to produce maximal labeling of cold TCA-insoluble cellular material (Fig. 1) . The decreases in rates of microbial activity we observed in the microcosm experiments are thus not (Fig. 2) . The clear zones around the leaf fragments (Fig. 2) (Fig. 3) . Higher concentrations of leachate as might occur during periods of low water level and elevated Nymphaea mortality decreased thymidine incorporation by over 75% (Fig. 3) Desiccation of Nymphaea leaves also occurs on a smaller scale in association with the formation of peat batteries. Peat batteries originate when large blocks of peat detach from the submerged sediments and float to the water surface. Battery formation occurs whenever the swamp is flooded and is a continuous source of desiccated vegetation. Rain events or the reflooding of these areas which contain dried aquatic macrophyte leaves would result in the release of substantial amounts of dissolved material from the rehydration of desiccated leaves.
Stimulation of bacterial activity. Inhibitory substances released from Nymphaea leaf fragments are able to reduce rates of microbial activity over short periods of time. Longer-term microcosm experiments with Nymphaea leachates were undertaken to determine the longevity of the antimicrobial effect. Leachates prepared from dried senescent Nymphaea leaves were separated into two size fractions enriched in <500-and >500-molecular-weight compounds, using Amicon ultrafiltration. The leachates were added to 500 ml of swamp water at a dose equivalent to the concentration of material which would have been released if 1 g of dried Nymphaea leaves were leached in 1 liter of swamp water for 5 h. We used high concentrations of leachate to mimic conditions of drought onset when the impact of dissolved material released from decomposing Nymphaea leaves would be the most apparent. Bacterial abundance and thymidine incorporation were monitored at 6-h intervals for 46 h in unamended control and leachate-treated microcosms.
Bacterial abundance and thymidine incorporation were significantly reduced (Student's t test, P ' 0.05) in both treated microcosms 6 h after leachate addition (Fig. 4 and 5) . Abundance (acridine orange direct counts) decreased 38.3% in response to the <500-molecular-weight-enriched leachate fraction and 57.5% in response to the >500-molecularweight-enriched leachate fraction. Rates of [3H]thymidine incorporation decreased 91.2 and 85.6%, respectively. The reduction in the rate of thymidine incorporation is partially attributable to the lower bacterial abundance in leachatetreated microcosms but also represents a net change in activity on a per-cell basis. Thymidine incorporation per cell at the 6-h time point was 8.5 x 10-21 mol h-1 in the control microcosm and 1.2 x 10-21 and 2.8 x 10-21 mol h-1 in the <500-molecular-weight and >500-molecular-weight treatments, respectively. Peak bacterial abundance occurred between 24 and 28 h in both treatments (Fig. 5) . Highest rates of thymidine incorporation were observed after 24 h in the >500-molecular-weight treatment (567 x 10-12 mol liter-' h-') and 34 h in the <500-molecular-weight treatment (648 x 10-12 mol liter-' h-1). The decrease in bacterial abundance at the 6-h time point (Fig. 5 ) may be due to direct toxicity of leachate components and the subsequent autolysis of bacteria or a more general inhibition of bacterial growth which allows small bacterial predators (which would pass through the 110-,um prescreen) to deplete bacterial numbers. Several groups of highmolecular-weight compounds known to be present in Nymphaea could potentially exhibit inhibitory activity. These include alkaloids, flavanoids, tannins, saponins, or steroids (24, 25 (Table 2 ). Thymidine incorporation by water column bacterioplankton was reduced by >88% between 1 and 6 h after the addition of the aged leachates and remained depressed by over 70% after 24 h ( Table 2 ). The antimicrobial compound(s) present in Nymphaea leachates is thus not inactivated for at least 72 h, and the net stimulation of bacterial growth which we observed in the long-term experiments (Fig. 4 and 5) can be assumed to result from the growth of bacterial populations which are resistant to the inhibitory effect.
We corroborated this assumption by directly examining resistance acquisition in bacterial populations pre-exposed to leachate for 24 h (sufficient time for the recovery of activity, as demonstrated previously). Three grams (dry weight) of Nymphaea leaves was leached in 1 liter of Okefenokee Swamp water. After 24 h a 100-ml subsample of the leachate-treated microcosm was filtered on a 0.2-pLmpore size Nuclepore filter. Bacteria were gently washed off the filter and suspended in 400 ml of filter-sterilized unamended Okefenokee Swamp water. The suspension was divided into two 200-ml incubations, one of which served as a control and the other of which received Nymphaea leaf fragments (1 g [dry weight] liter-'). Both microcosms were then sampled periodically for 24 h to determine effects on bacterial production. The transferred populations were completely resistant to inhibition. Moreover, after 6 h of reexposure to Nymphaea leaf fragments, thymidine incorporation in the experimental microcosm was elevated by 405% relative to the control value. Other [3H]thymidine incorpo- Ecological role of DOC release during aquatic macrophyte decomposition. Labile substatices released during Nymphaea decomposition clearly represent a substantial input of DOC which can be utilized for growth by the free-living bacterioplankton. Dried Nymphaea leaves lose approximately 26% of their initial dry weight after only 24 h of leaching in Okefenokee water. This dissolved material stimulates bacterial growth over a period of several days and may be partially responsible for the high rates of bacterial secondary production which have been observed in aquaticmacrophyte-dominated areas of the Okefenokee Swamp (19). Consistent with our results, earlier reports indicate that natural bacterial populations incorporate radiolabeled leachates from other macrophytes (7, 9, 23) and exhibit growth when enriched with plant leachates (6, 26) .
Several aquatic macrophytes are known to contain secondary compounds which exhibit antimicrobial properties (13, 16, 24) . However, most of the previous work was carried out with pure cultures of target microorganisms, usually bacteria known to be pathogenic to higher organisms, and not necessarily important components of wetland bacterioplankton. Lalonde (16) , for instance, found that several strains of phytopathic bacteria were susceptible to alkaloids isolated from the water lily Nuphar. He also noted that the bacteriostatic effect was species specific, as three bacterial strains isolated from the immediate vicinity of growing Nuphar plants were resistant.
McArthur et al. (17) noted differences in the ability of bacterial isolates from prairie streams to grow on plant leachates from various sources. Bacteria isolated from oak forest regions of the stream were able to grow on both oak and grass leachates, whereas bacteria isolated from grassland regions of the stream were able to grow only on grass leachates. These results suggest that natural bacterial populations can adapt to the plant leachates they most frequently encounter. Likewise, our results with Nymphaea leachates suggest that the composition of the water column DOC can alter the structure of the microbial community with respect to both acquisition of resistance to inhibitory compounds and the subsequent luxuriant growth of resistant organisms at the expense of labile leachate components.
The primary function of the inhibitory compounds produced by N. odorata in the Okefenokee ecosystem has not yet been determined. Aquatic macrophytes may produce antimicrobial compounds as antifouling agents which prevent the growth of periphyton (13) , as bacteriostatic substances which prevent infection by phytopathic organisms, or as allelopathic agents directed against other organisms (12, 27) . Harrison and Chan (13) demonstrated that extracts of eelgrass (Zostera marina) inhibited the growth of eight species of cultured microalgae including diatoms, dinoflagellates, and an autotrophic green flagellate. Secondary compounds released from aquatic macrophytes may also act as biochemical repellents to zooplankton (8, 20) . Secondary compounds derived from aquatic macrophytes may thus infltience the rates of activity and population dynamics of a wide variety of organisms at other trophic levels and with different ecological roles. We have presented evidence that DOC released during the decomposition of one aquatic macrophyte, N. odorata, contains inhibitory and stimulatory compounds which can substanitially alter the rate of bacterial secondary production by free-living bacterioplankton.
